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Abstract 
Elastic guided wave propagation along circular cylindrical structures is important for nondestructive-testing 
applications and shocks in tubes. In this paper, ultrasonic guided wave propagation and the interaction law with the 
defects in circular cylindrical structures were studied through associating ultrasonic cylindrical guided wave theory 
with numerical simulation method. A large number of numerical simulation experiments are carried out using finite 
element method based on commercial software ABAQUS, the longitudinal mode and torsional mode of the 
propagation characteristics and laws were analyzed in the hollow cylinder, and the optimum excitation mode and 
frequency were investigated through signal processing algorithms. The maximum and minimum values of the 
reflection coefficient at varying axial extent are identified and can be used for the purpose of defect sizing. 
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1. Introduction 
The extensive use of circular cylindrical geometries in engineering structures demands three-
dimensional simulations of elastic wave propagation in tubes. The numerical treatment is an important 
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and valuable tool to investigate and study the behavior of different wave modes. To develop and optimize 
nondestructive-testing (NDT) procedures based on structural waves, accurate data are necessary. 
Appropriate simulations can be used to substitute physical experiments. To simulate wave propagation 
phenomena with wavelengths of the order of magnitude of the thickness of the structures, a three-
dimensional model is necessary.  
The first linear elastic solution to wave propagation in hollow cylinders was presented by Ghosh in 
1923[1], and his work yielded the numerical solution of the axisymmetric longitudinal modes. In 1958, 
Gazis firstly in-depth study three-dimensional wave propagation in a hollow cylinder using linear 
elasticity theory, and gives the general solution and dispersion curves of two axisymmetric 
modes[2].These studies have a great role in promoting development and applications of guided wave 
inspection technology. A. Demm etc[3] has investigated the T(0,1) mode propagation the circumferential 
length of the defect, the defect depth utilizing the finite element method, obtained the reflection 
coefficient of T(0,1) modes under different conditions.  
In order to study ultrasonic guided wave propagation characteristics and interaction law with defects in 
the pipeline, the numerical simulation was carried out for L(0,2) and T(0,1) propagation in the pipeline 
using commercial software ABAQUS. 
2. Ultrasonic Guided Wave Testing in hollow cylinder 
                         
Figure1 Reference cylindrical coordinates.                                        Figure 2 Group velocity dispersion curve for brass pipe with  
thickness of 10mm, outer diameter of 100mm . 
With the reference cylindrical coordinates in Figure 1, Gazis proposed an exact solution of the particle 
displacement field in a hollow cylinder [2]: 
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Where mnk cmn
Z is the wave number of the mth circumferential order of the nth mode 
group; mnc andZ are the wave velocity and angle frequency; t is the time; ( )
mn
U rD and sinusoidal 
functions ( )( , , )m m r zT D TD4  are  the  radial  and circumferential velocity  components. When m=0, the 
Equations (1)  represent  the  displacement components  of an axisymmetric  mode; else the Equations (1) 
are the displacements of a flexural mode.In addition, Gazis [2] also proposed dispersion equation of 
harmonic wave in the infinite harmonic hollow pipe-borne using linear elasticity theory. 
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Where: ijc is the diameter,  the diameter size;  Ȝ, ȝ are the material Lames constants; ȡ is the density; Ȧ 
is the frequency;  k is the function of wave number.  Figure 2 shows that  several  wave modes in a pipe is 
illustrated in the group  velocity  dispersion  curves  for a 100-mm diameter ,  10-mm wall thickness brass 
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pipe  in the frequency range from 0 to 0.1MHz. The curves were calculated  using  the  disperse software 
which was developed by Imperial College.The wave structures of L(0,1),L(0,2),and T(0,1) axisymmetric 
modes in brass pipe at the frequency of 50KHz, are shown in Figure 3.The axial, the radial and tangential 
displacement are dominant for L (0,2) mode ,L (0,1) and T (0,1) mode,respectively . 
˄a˅L(0,2) mode                                     ˄b˅L(0,1) mode                                ˄c˅T(0,1) mode 
Figure 3 Wave structures of L(0,1), L(0,2), and T(0,1) modes in the brass pipe at the frequency of 50KHz. 
From figure 2, L(0,2) mode spread the fastest, and the velocity of L(0,2) mode has little change with 
frequency above 10kHz, so the excitation frequency of L (0,2) mode can choose 50kHz. In addition, the 
T(0,1) mode of velocity cannot be changed in effect at the geometry factor of pipe, the excitation 
frequency of T (0,1) mode can be selected within the range of 20~100kHz . 
3. Numerical Modelling 
3.1. three-dimensional built 
The Brass pipe of the FE models is shown in Figure 4 and the pipe length is 2.5 m. Inner diameter of 
brass pipe model is 80 mm, the pipe wall thickness is 10 mm. The wave propagation along the pipe is 
monitored at the C monitoring plane in order to verify the excitation signal and to investigate the 
reflection for the circumferential notch, and it is also monitored at the D monitoring plane in order to 
extract the transmitted signals. The distance between the end A and plane C is 850 mm, the distance 
between the end A and plane D is 1650 mm. The 360°circumferential notch (4 mm wide and 30% 
through-wall depth) are located on the position 1.25 m away from the end A in turn.Brass properties of 
the material used in the model are Elastic modulus of 106GPa, Poisson's ratio of 0.324, and density of 
8400 kg/m3. Solid model is adopted for 3D model, element type is C3D10. Usually at least 10 elements 
should be used in the length of one wavelength in order to guarantee high-precision calculation. As for 
the FE model of hollow cylinder, if the element number is divided into 1-3 elements along the thickness 
direction, it will have achieved good accuracy [3]. So the element size is 5mm. 
Figure 4 The finite element model of a brass pipe with the 360°circumferential notch 
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3.2. Excitation signals load 
To simulate the emission of the desired guided wave into the pipe, a special force function was applied 
at the end A of the pipe model in Figure 4.The Excitation force function, ( )f t , is formulized as follows, 
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Where n is the pulse cycles (n=5), f is the central frequency, n fW  is the signal pulse time. The input 
signal is 5-cycle 50 kHz Hanning-windowed tone-burst signals for L (0,2) and T(0,1) modes. With such a 
signal, the energy of the force function ( )f t can be effectively concentrated within a finite interval in 
both time domain and frequency domain. The longitudinal mode L (0, 2)  propagate along  the axis 
direction through compressional motion, where T(0,1) mode guided wave is spread via shearing motion 
parallel to the circumferential direction. Therefore, two modes excitation are loaded by different 
ways:The loading orientation of the force was along the longitudinal axis for L(0,2),where the loading 
orientation  of  the  force  was  around the  circumference of the  end  A of  the  pipe  for T(0,1).  
3.3. Simulation Results   
L (0,2) guided wave propagation in the pipe  
Ultrasonic guided wave propagation and scattering in the pipe with 360° circumferential notch is 
shown in Figure 5. When the incident L(0,2) mode arrived the position of defect in the pipe, a dramatic 
interaction occurred between the guided wave and the notch. From Figure 5,we can see that it will not 
only generate the phenomenon of reflection and transmission,  but also  produce a  new conversion mode 
L (0, 1) that  spread much slower than the L(0,2) mode due to the  presence  of  circumferential notch.  
Moreover, note that the incident  L(0,2)  have a stronger deformed shapes than those of both the notch 
transmitted and reflected L(0,1) modes. Whilst, the incident L(0,2) mode on the left end has a stronger 
intensity in the axial displacement than the reflected L(0,2) mode from the notch.  
 
 
 
 
  
Figure 5 The patterns of wave propagation and scattering caused by L(0,2) mode and the encounter of the defect. 
In order to evaluate the wave fields quantitatively,time-domain signals at  nodes 1, 2 and 3 in  the C 
monitoring  plane of  figure 3 were extracted and are shown in figure 6,but time-domain signals at  nodes 
4, 5 and 6 were not ploted in this paper. Nodes 1, 2 and 3 (or 4, 5, 6) are shown in figure 7.From  these  
time records, we can  find that L (0,2) group velocity of 3728m/s canbe concluded from figure 6,which is 
Incident L (0, 2) mode 
Reflected L(0,2)  
Reflected L(0,1)  Transmitted L(0,2) and L(0,1)  
T=337.75ȝs 
T=412.60ȝs 
T=712.60ȝs 
T=600.04ȝs 
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in accord with the theoretical group velocity of 3705 m/s;  L(0,1) mode group velocity is 2152 m/s,  
which is also consistent with the theoretical  group velocity of 2092 m/s. This shows that the simulation is 
feasible using ABAQUS. Moreover, the figure 6 shows that the radial and axial displacement of the 
reÀected waves are also displayed separately and the reÀected waves are distinguished between the 
reÀected L(0,1) and L(0,2) modes from the defect. In addition, we can see that the received signals of 
nodes 1 and 3 have the same phase in the axial displacement ( zu ), while the phase difference is 180 
degrees for the radial displacement ( ru ).This can be explained by differences in the wave structure of 
L(0, 2) mode shown in Figure 3, the axial displacement along the pipe wall thickness distribution is 
consistent, while the radial displacement along the pipe wall thickness distribution is the opposite.  
(a) ru of node 1                         (b) ru of node 2                          (c) ru of node 3 
(e) zu of node 1                         (f) zu of node 2                         (d) zu of node 3 
 Figure 6 FE Predicted the radial and displacement of the signals received at the nodes of the monitored C plane displayed in figure 
4 from the notch under the L(0,2) mode incidence at 50 kHz frequency. 
Furthermore,it can be found from Figure 6 that the reflection L(0,1) is about 2 times larger than L(0,2) 
mode on the amplitude of the radial displacement, but the two modes is not bigger on the amplitude of the 
axial displacement, indicating L(0,2) mode detection is not more stronger than L(0,1) for small defects.   
Mode decomposition was used to calculate the transmission and reflection modes characteristics 
parameters.According to the literature[3,6],the characteristic parameters is of the ratio of the ttransmission 
mode amplitude to the incident L(0,2) guided wave amplitude for the transmission mode; Similarly,the 
reflected mode characteristics parametersˈwhich is the ratio of the reflection mode amplitude to the 
incident L(0,2) guided wave amplitude.The characteristic parameters of transmission and reflection 
guided wave modes were defined by calculating. Similar analysis were also performed for other models 
with different depths from 10%, 20%, 30% ... 80%, 90%, and the results are shown in figure 8.We can be 
drawn that the characteristics parameters of the reflected L(0,2) mode have a monotonically relationship 
with decreasing defect depth, and the transmitted L(0,2) mode have a increasing monotonic relationship 
with the defect depth. While the parameters for reflected and transmitted L(0,1) mode appeared to have 
the parabola relationship with the notch depth. 
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Figure 7 sketch of the nodes at the monitored C (or D) plane          Figure 8  The characteristics parameters of several guided wave       
modes versus notch depth under the L(0,2) mode 
incidence at 50 kHz frequency. 
The conservation   law of energy  should be met during guided wave propagation in the pipe,  which 
clude incident, reflected , and transmitted modes.  Normalized total energy is defined as the summation 
of  the  squares of  various guided wave modes coefficients [6]. The normalized total energy calculated 
from the  parameter corresponding to figure 8 is very near to 1 for all investigated defect depths. 
T (0,1) guided wave propagation in the pipeline
The other torsional mode and longitude mode don’t appear in the pipe with the 360° circumferential 
notch under incident T(0,1) mode at the excitation frequency of 50kHz, the conclusion was the same as 
reported in the Ref [3]. Changing the depth of circumferential notch, that the depth of defects is free to 
change according to the laws of 10%, 20%,..., 80%, 90%, the mode conversion phenomenon also does not 
appear. The conclusion is obtained from figure 9 that T(0,1) mode reflection coefficient has a monotonic 
relationship with notch depth and become larger and larger with the increases depth. 
 
Figure 9 The characteristics parameters of reflected and transmitted T(0,1) mode versus notch depth under the L(0,2) mode 
incidence at 50 kHz frequency. 
4. Conclusions   
In this paper, FE method was utilized to establish a 3D pipe model,  simulate the applied force for 
generating the desired guided waves,L(0,2) guided wave propagation and mode conversion by 
encountering  the  axisymmetric defect  in the  pipeline   are very  clear to  illustrate  the  mechanism by 
using ABAQUS software,  However, mode conversion  does  not occur for T (0,1) mode,  this is because 
T(0,1) is the only propagating  axisymmetric mode in the frequency range of interest and therefore mode 
conversion does not occur at axisymmetric defects. As the pulse echo detection method attains  universal 
application in long-distance pipeline inspection,  the reflection coefficient will become more important 
than other characteristic parameters,  L(0,1) mode has the reflection coefficient larger than L(0,2) mode 
for small defects, indicating that L (0,1) guided wave detection is also well ahead of L(0,2) mode for 
small defects. These phenomenon show that L(0,2) guided wave mode conversion provides valuable 
theoretical guidance for the pipeline on-site testing and laboratory tests. 
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